7
In comparison, both phylogenetic trees built with the DNA sequences in intra-subspecies 1 3 7
DMRs have decreased mean distances between subspecies than both inter-subspecies DMRs and 1 3 8 non-DMRs ( Fig. 1F and 1G ). The phylogenetic tree built using four sequences in intra-Rnn 1 3 9
DMRs shows increased distance within Rnn but not Rnc (Fig. 1F) , and the phylogenetic tree built 1 4 0 with the four sequences in intra-Rnc DMRs shows increased distance within Rnc but not Rnn ( Fig.  1  4  1 1G). This indicates that methylation variation and its related DNA variation in intra-subspecies 1 4 2
DMRs are not associated with species divergence. 1 4 3
We calculated Tajima's D to test for departure from neutrality in these regions. Tajima's D 1 4 4 is 1.678528, -0.393469 and -0.277028 in combined inter-subspecies, intra-Rnn and intra-Rnc 1 4 5 DMR sequences, respectively (Fig. 2) . In comparison, the mean Tajima's D in 1,000 sampled 1 4 6 non-DMR sequences is 0.002920 ± 0.099323 (SD), with a maximum value of 0.453000, which is 1 4 7 significantly lower than in inter-subspecies DMRs (independent t test: p = 0; We wanted to characterize SNVs that are fixed or fixing in one of the subspecies, which we 1 5 7 will refer to as subspecies specific SNVs (SS-SNVs) (Supplemental Fig. 3 To explore the relationship between DNA methylation variation and substitution rate, we 1 7 5 compared nucleotide diversity (π) between DMRs and non-DMRs. Using the second sample 1 7 6 method of non-DMRs, we found that the distribution pattern of π was positively skewed in both 1 7 7
inter-and intra-subspecies DMRs by some higher π values, but was normal in both inter-and 1 7 8 intra-subspecies non-DMRs (Supplemental Fig. 4 ). Mann-Whitney tests revealed π in both inter-1 7 9
and intra-subspecies DMRs was significantly higher than that of non-DMRs (p < 0.00001; Fig Table 6 ), suggesting that the nucleotide 1 9 1 diversity in DMRs could be determined by variation of methylation level rather than methylation 1 9 2 level itself. Because methylation and deamination mainly occur at the cytosine base in CpGs, the C/T 2 4 4 substitution rate at these sites, as well as paired G/A on another strand, should be higher than that 2 4 5 of non-CpGs. We compared normalized DNA substitution rates in CpG sites and non-CpG sites 2 4 6 between DMRs and non-DMRs (using the second non-DMR sampling method to decrease the 2 4 7 influence of sequence length on substitution rate calculation). As expected, the normalized rates 2 4 8 of C/T and G/A substitutions in CpGs are higher than in non-CpGs in both DMRs and non-DMRs 2 4 9
(Mann-Whitney test: p < 0.0001; Fig. 5B ), which demonstrates the strong impact of deamination 2 5 0 on C/T substitutions. We then compared DNA substitution rates in CpG sites and non-CpG sites 2 5 1 between DMRs and non-DMRs, respectively. In non-CpG sites, all 6 normalized DNA 2 5 2 substitutions are significantly higher in DMRs than in non-DMRs (Mann-Whitney test: p < 0.01; 2 5 3 5B). This result indicates that methylation-induced deamination cannot account for the increased 2 6 0 rates of C/T and G/A substitutions in DMRs. Meanwhile, the increased rates of C/T and G/A 2 6 1 substitutions in DMRs imply that deamination exerts relatively lower influence on C/T 2 6 2 substitution at CpG sites in DMRs than in non-DMRs. In other words, CpG sites are relatively 2 6 3 more conserved in DMRs than in non-DMRs. Thus, the above results support the idea that 2 6 4 deamination caused by methylation is not the root cause of increased nucleotide diversity in 2 6 5 DMRs, and that it is variance of methylation level but not methylation itself influencing the 2 6 6 substitution rates of DMRs. 2 6 7 2 6 8 Conserved CpG content in DMRs indicates additional forces drive methylation differences 2 6 9 DNA methylation is highly associated with the genomic and functional context 2 7 0 (Gutierrez-Arcelus et al. 2013). We characterized CpG contents in DMRs to explore the possible 2 7 1 influence of DNA variation on methylation patterns. The average CpG number per DMR is 27.03 2 7 2 ± 18.30 (average density = 0.0248 ± 0.0180) in inter-subspecies DMRs, 19.01 ± 7.73 (average 2 7 3 density = 0.0190 ± 0.0073) in intra-Rnn DMRs, 19.95 ± 7.94 (average density = 0.0199 ± 0.0079) 2 7 4 in intra-Rnc DMRs (Supplemental Fig. 5A ). The average CpG density of combined DMRs 2 7 5 (0.019430 ± 0.000478) is significantly higher than that of non-DMRs (0.012789 ± 0.000153) 2 7 6
(Mann-Whitney test: p < 0.00001) (Supplemental Fig. 6 ).
7 7
The average frequency of variant CpG sites occurring in a single DMR is 4.15%, 4.91% and 2 7 8 2.44% in inter-subspecies DMRs, intra-Rnn and intra-Rnc DMRs, respectively (Supplemental 2 7 9 The results from phylogenetic inference, Tajima's D calculations and the ratio of SS-SNVs all 2 8 9
indicate strong selective signals within the inter-subspecies DMRs but not intra-subspecies 2 9 0 DMRs or non-DMRs. Both inter-subspecies DMRs and intra-subspecies DMRs have higher 2 9 1 nucleotide diversity than non-DMRs, however, only inter-subspecies DMRs show accelerated 2 9 2 fixation of SNVs. Thus, accelerated DNA evolution in inter-subspecies DMRs is comprised of 2 9 3 two independent processes: increased nucleotide diversity and accelerated fixation of these DNA 2 9 4 variants.
9 5
Deamination of methylated cytosines has been suggested as the main mechanism of 2 9 6 nucleotide diversity variation across the genome ( these changes do affect chromatin status. Additionally, reprogramming finishes during meiosis 3 1 8 (Seisenberger et al. 2013) , and methylation status is faithfully maintained during DNA replication 3 1 9 in meiosis. Thus, these data support a model in which adaptation to the changing environment 3 2 0 leads to changes in epigenetic status, which in turn induces higher nucleotide diversity (Fig. 6) . An alternative hypothesis is that the DNA sequence in DMRs may be mutation hotspots, 3 2 7 which may drive compatible variation of methylation status as suggested previously (  L  i  u  e  t  a  l  .  3  2  8   2  0  1  4  ) . However, three key pieces of evidence make this unlikely. First, we found significantly 3 2 9 increased nucleotide diversity between subspecies but decreased nucleotide diversity within each 3 3 0 subspecies in inter-subspecies DMRs. Second, in intra-Rnn DMRs, comparatively the majority of 3 3 1 these regions are non-DMRs in Rnc (Supplemental Fig. 1 ), we only see increased nucleotide 3 3 2 diversity between the two individuals of subspecies Rnn but not Rnc, and vice versa. Third, 3 3 3 sampled non-DMRs with similar nucleotide composition but low CpG density indicate the strong 3 3 4 relationship between increased nucleotide diversity and CpG density. However, CpG content is 3 3 5 relatively more conserved in DMRs than in non-DMRs. Thus, we can conclude that it is variation 3 3 6 of methylation level inducing changes of chromatin accessibility, which in turn leads to increased 3 3 7 nucleotide diversity. Changing the underlying DNA sequence can be a slow process that isn't 3 3 8 dynamic enough to respond to rapid environmental change (Heard and Martienssen 2014), 3 3 9 especially for complex traits. Logically, methylation changes caused by active regulation of gene 3 4 0 expression in response to changing environment should occur prior to increased DNA variation, 3 4 1 because DNA mutation is a random process that can't support dynamic gene expression 3 4 2 regulation.
4 3
Directional selection increases the fixation probability of DNA variants. However, 3 4 4 accelerated fixation of DNA variants occurs only in inter-subspecies DMRs. Since both 3 4 5 intra-subspecies DMRs (caused by random and temporary environmental changes) and 3 4 6 inter-subspecies DMRs (caused by stable and long-standing environmental changes) show 3 4 7 increased nucleotide diversity, this is unlikely to be a consequence of natural selection. However, 3 4 8 increased nucleotide diversity may provide a substrate for natural selection to act upon. 
